Introduction {#sec1}
============

Cetylpyridinium chloride (CPC) is a quaternary ammonium compound with broad-spectrum antimicrobial activity. Its antimicrobial properties render it useful in a variety of applications including cosmetics, pharmaceuticals, and water treatment.^[@ref1],[@ref2]^ CPC is recognized as safe for dermal and oral applications by the Food and Drug Administration (FDA) and is commonly known for its role in the prevention and treatment of dental plaque, gingivitis, halitosis, and calculus in oral care products.^[@ref1],[@ref3]−[@ref7]^ Zinc (Zn) is utilized in a wide array of industries including food, pharmaceuticals, energy production, material science, physiology, and organic chemistry.^[@ref8]−[@ref11]^ Existing exclusively as the divalent Zn cation, Zn is an essential nutrient for virtually all living organisms.^[@ref12]^ However, at concentrations higher than those that are physiologically useful, Zn exhibits a bacteriostatic effect on many microorganisms.^[@ref13]^

The antibacterial property of Zn^2+^ ions has been attributed to five main mechanisms: (1) the disruption of cell membrane integrity, (2) the denaturation of proteins, (3) the production of reactive oxygen species resulting in cellular damage, (4) the interaction with nucleic acids, and (5) the inactivation of iron--sulfur proteins and/or inhibition of the iron--sulfur protein maturation machinery.^[@ref14]−[@ref18]^ When CPC disrupts the microbial cell membrane, the positively charged region of CPC binds directly to the polar negatively charged phosphate groups of phospholipids while the nonpolar portion of CPC interacts with nonpolar phospholipid tails.^[@ref3],[@ref19]^ This results in the permeability of the cell membrane, membrane depolarization, leakage of intracellular components, and ultimately death.^[@ref3]^ Recent experiments suggest that loading quaternary ammonium compounds (QACs) into mesoporous silica nanoparticles (MSNs) yields a material with excellent antimicrobial activity and a pH-responsive controlled release of the antimicrobial drug.^[@ref20]^

Previously, a number of studies have focused on elucidating the interaction between divalent metal (*e.g*., Cd, Cu, and Zn) ions and pyridine analogues; however, these studies were not successful in identifying and realizing an antibacterial technology that is viable, safe, and effective for widespread healthcare use. In 2002, Neve *et al*. synthesized and solved the crystal structure of \[C16-Py\]~2~\[CdCl~4~\].^[@ref21]^ The application of the material was not evaluated or mentioned beyond its potential to be used as a liquid-crystalline precursor. Furthermore, attempts to crystallize the Zn analog were futile. Hilp *et al*. proposed the use of cetylpyridinium tetrachlorozincate as a titrant for analysis of anionic surfactants.^[@ref22],[@ref23]^ In 2015, Kaur *et al*. synthesized (CP)~2~CuCl~4~ and (CP)CuCl~3~ and demonstrated that the insertion of copper into the CPC moiety enhanced the antibacterial activity as compared to pure CPC.^[@ref24]^ Although the antimicrobial properties of copper (Cu) have long been known, the realization of the Cu--cetylpyridinium conjugate technology for healthcare applications would be extremely challenging due to the potential for blue (*e.g*., Cu^2+^) or yellow (*e.g*., \[CP\]\[CuCl~3~\] or \[CP\]~2~\[CuCl~4~\]) staining associated with the d-orbital splitting of the copper ion.

The current work reports the synthesis and characterization of cetylpyridinium tetrachlorozincate as well as its application to reduce volatile sulfur compounds, as an antibacterial active pharmaceutical ingredient (API), and to fabricate advanced functional materials. Work presented suggests that cetylpyridinium tetrachlorozincate is a viable and effective antimicrobial agent to combat the global healthcare issues associated with oral and dermal disease (*e.g*., hospital infections, medical device biofilms, and antibiotic resistance).

Results and Discussion {#sec2}
======================

Initial observation of an interaction between CPC and ZnCl~2~ was made while attempting to synthesize a deep eutectic solvent *via* anhydrous route. In particular, monohydrate CPC and anhydrous ZnCl~2~ powders were combined, mixed, and heated at 90 °C for 24 h. Under these conditions, a translucent, yellow-colored gel material was formed in samples with a Zn/CPC ratio of 2 and higher. The material would undergo a phase change below approximately 50 °C to form an off-white opaque solid material. To improve the homogeneity of the samples, the synthesis was repeated with the addition of 15% water. Subsequent experiments, aimed to develop an aqueous route for the synthesis, demonstrated that a sparingly water-soluble precipitate is formed upon a combination of aqueous CPC and ZnCl~2~ solutions above a certain threshold concentration. The solubility of the precipitate in water was \<1 wt % at room temperature. The precipitate was collected, washed with copious amounts of water, and recrystallized from acetone to yield a single crystal adequate for single-crystal X-ray diffraction (SC-XRD) analysis. Dynamic scanning calorimetry (DSC) experiments ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf)) demonstrated a ∼20 °C reduction in the onset temperature of the endothermic melting peak in the synthesized material as compared to pure CPC. These results are consistent with the observed phase transition below approximately 50 °C in the gel samples synthesized *via* anhydrous route.

X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared (FTIR) spectroscopy were used to confirm complex formation prior to SC-XRD analyses and therefore referred to as the CPC--Zn material. The XPS results ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf)) indicate that there is a slight shift in the N^+^ peak for the CPC--Zn (402.2 eV) material as compared to the CPC (401.8 eV) reference. This may indicate that the electronic environment around the cationic N in the CPC part of the sample has changed as compared to that in CPC alone. It is noteworthy that anhydrous ZnCl~2~ cannot be easily analyzed by conventional XPS and FTIR due to its hygroscopic properties.

The FTIR spectra of CPC·H~2~O, ZnCl~2~, and as-synthesized CPC--Zn material are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The spectrum of the CPC--Zn sample clearly shows the fingerprint of the cetylpyridinium, confirming its presence in the sample. A close inspection of the spectrum demonstrates, however, that the bands of cetylpyridinium in the CPC--Zn material do not match the pure CPC·H~2~O compound. The majority of the bands related to C--H, CH~2~, C--C, C=C, and C=N stretching and bending vibrations of cetylpyridinium display shifted peak positions as compared to the CPC·H~2~O raw material.^[@ref25],[@ref26]^ The ν(OH) peak at 3372 cm^--1^ as well as another broad H~2~O-related band near 550 cm^--1^ seen in the CPC·H~2~O starting compound have also disappeared in the presence of Zn. Furthermore, a distinguishable new peak at 272 cm^--1^ is evident in the CPC--Zn sample, likely originating from the ZnCl-related vibration. Taken together, the FTIR data indicate that the interaction of cetylpyridinium chloride with ZnCl~2~ resulted in the formation of a new complex.

![Infrared absorption spectrum of the synthesized CPC--Zn material in comparison to the CPC·H~2~O and ZnCl~2~ precursors. The spectra are offset for clarity.](ao0c00131_0001){#fig1}

To elucidate the structure of the complex and analyze the interactions involved, SC-XRD analysis was carried out which shows that the coordination complex crystallizes in the orthorhombic **Pbca** space group. The structural formula can be described as \[(C~21~H~38~N)~2~\]\[ZnCl~4~\], or (CP)~2~ZnCl~4~ for short, whereby two ZnCl~4~^2--^ units are present in close contact with four cetylpyridinium units by C--H--Cl interactions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The packing behavior is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. As seen from the structure, the alkyl chain units and the Zn units pack in a zig-zag manner, with each unit present at alternating ends.

![Structure of \[(C~21~H~38~N)~2~\]\[ZnCl~4~\], illustrating carbon (gray), hydrogen (white), nitrogen (blue), zinc (purple), chloride (green), and oxygen (red) atoms.](ao0c00131_0002){#fig2}

![Packing of \[(C~21~H~38~N)~2~\]\[ZnCl~4~\] along (a) (110) plane and (b) (100) plane.](ao0c00131_0003){#fig3}

The crystals contain a disordered solvent that was modeled as a H~2~O molecule (atom O1). It was not possible to locate the hydrogen atoms of H~2~O. The occupancy of the H~2~O molecule is ∼0.25 and it is not present in the crystals collected at room temperature ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf)). There is a structural change with the increase in temperature and concomitant loss of the solvent H~2~O molecule. The distance between the Zn(II) centers (Zn01--Zn02) increases from 8.73 Å (at 100 K) to 9.05 Å (at 298 K). However, the packing behavior at room temperature remains similar in a zig-zag manner ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf)).

The effect of ZnCl~2~, (CP)~2~ZnCl~4~, and CPC on in vitro bacteria-generated volatile sulfur compounds (VSC), conducted by methyl mercaptan gas chromatography (GC) headspace measurement, is illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D. Statistical grouping, calculated using the Tukey method and a 95.0% confidence interval, indicates that CPC and (CP)~2~ZnCl~4~ exhibit parity efficacy for malodor-causing VSCs.^[@ref27]^ However, at the measured concentration, ZnCl~2~ exhibits a weak VSC reduction effect as compared to CPC and (CP)~2~ZnCl~4~. The elemental composition of the powders evaluated for VSC reduction is shown in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf). The concentration of ZnCl~2~ (*i.e*., 16.22 wt %) in the (CP)~2~ZnCl~4~ is in decent agreement with the theoretical value (*i.e*., 16.70 wt %), which implies adequate purity of the sample as a result of the acetone extraction process.

![Inhibition of *Staphylococcus aureus* (A), *Streptococcus mutans* (B), and *Salmonella enterica* (C) with ZnCl~2~, CPC, and (CP)~2~ZnCl~4~. VSC reduction efficacy (D) of methyl mercaptan with color shading corresponding to the statistical group ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf)).](ao0c00131_0004){#fig4}

The ability of CPC, Zn, and (CP)~2~ZnCl~4~ to inhibit the growth of bacterial pathogens (*i.e*., *Staphylococcus aureus* LAC, *S. mutans*, and *S. enterica* Serovar typhimurium) was examined. *S. aureus* LAC is a Gram-positive community-associated methicillin-resistant CA-MRSA strain and a representative strain of the USA300 clone, which is a leading cause of skin and soft tissue infections in North America.^[@ref28],[@ref39]^*S. mutans* is also Gram positive and the leading causes of dental caries.^[@ref29]^*S. enterica* Serovar typhimurium is Gram negative and a primary enteric pathogen affecting humans.^[@ref30],[@ref40]^

The minimal inhibitory concentrations of CPC, Zn, and (CP)~2~ZnCl~4~ were determined in liquid culture after static growth. All of the three bacteria displayed typical dose--responses to the compounds utilized ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--C). The MICs for Zn for *S. aureus*, *S. enterica*, and *S. mutans* were approximately 200, 300, and 65 μg mL^--1^, respectively. The MICs of (CP)~2~ZnCl~4~ for *S. aureus*, *S. enterica*, and *S. mutans* were 6, 60, and 6 μg mL^--1^, respectively. The MICs for CPC were similar to those for (CP)~2~ZnCl~4~ in the case of *S. aureus* and *S. enterica*. In the case of *S. mutans*, a slight improvement in the antimicrobial activity was demonstrated for (CP)~2~ZnCl~4~; however, the results did not reach statistical significance.

A previous work demonstrated that the utilization of MSNs as drug delivery vehicles for QACs yields a material with a pH-responsive controlled drug release as well as excellent antimicrobial activity.^[@ref20]^ Herein, the feasibility of incorporating (CP)~2~ZnCl~4~ into such drug delivery systems (DDSs), where the surface of MSNs can be further modified to impart selectivity or other advantages, was explored.^[@ref31]^ The material where (CP)~2~ZnCl~4~ was loaded into SBA-15 MSNs is referred to as CPC--Zn\@SBA-15 henceforth due to a certain amount of uncertainty whether all CPC--Zn moieties within the MSNs are in fact (CP)~2~ZnCl~4~. Actually, the elemental composition suggests an excess of Zn, which is likely chemisorbed to the silanol groups. Bulk elemental composition measurements of CPC--Zn\@SBA-15 were conducted using thermogravimetric analysis (TGA) and inductively coupled plasma optical emission spectroscopy (ICP-OES) for CPC (9.0 wt %) and Zn (8.9 wt %), respectively. XPS analysis was conducted on mesoporous SBA-15, CPC\@SBA-15, and CPC--Zn\@SBA-15 to probe the elemental composition near the surface of the MSNs. Calcined SBA-15 is consistent with the composition of silica with a surface that is essentially free (1.1 wt % C) from organic contamination. The N^+^/Cl ratio (1.29) of the CPC\@SBA-15 sample suggests that a portion of the cetylpyridinium cations has been adsorbed onto the negative silanol groups of silica. The N^+^ binding energy is shifted slightly relative to the CPC reference, while the Cl binding energy is significantly shifted relative to CPC. This implies that both N^+^ and Cl are in different chemical bonding environments on the silica surface, compared to bulk CPC. The surface of the CPC--Zn\@SBA-15 material exhibited 3.36 wt % Zn, 1.01 wt % CPC, and a Zn/CPC ratio of 3.33. The Zn/CPC ratio indicates that (CP)~2~ZnCl~4~ is present on the surface with excess ZnCl~2~. Since the sample was washed with water after preparation, it is possible that the (CP)~2~ZnCl~4~ recrystallized on the surface or dissolved into its ionic constituents and precipitated onto the surface of MSNs.

As discussed above, ICP-OES, TGA, and XPS analyses demonstrate significant amounts of cetylpyridinium and Zn in the CPC--Zn\@SBA-15 sample. FTIR was further used to investigate the presence of (CP)~2~ZnCl~4~ within the silica framework. [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf) shows the spectrum of the CPC--Zn\@SBA-15 sample in comparison to the CPC\@SBA-15 control and the SBA-15 mesoporous silica. SBA-15 displays a typical silica spectrum with asymmetric and symmetric ν(Si--O) vibrations near 1060 and 800 cm^--1^, respectively, nonbridging ν(Si--O^--^) stretching vibration and/or ν(Si--OH) vibration of silanol groups near 955 cm^--1^, and δ(O--Si--O) bending modes around 440 cm^--1^. The absorption spectra of CPC--Zn\@SBA-15 and CPC\@SBA-15 support the presence of cetylpyridinium in both samples as evident from its characteristic vibrations near 1500 cm^--1^ region as well as near the ν(C--H) stretching band region where two peaks around 2855 and 2925 cm^--1^ corresponding to symmetric and asymmetric ν(CH~2~) vibrations are observed.^[@ref34]^ Importantly, in addition to cetylpyridinium bands, the CPC--Zn\@SBA-15 sample exhibits two distinct peaks near 115 and 295 cm^--1^, in line with the pure (CP)~2~ZnCl~4~ profile that displays two strong bands below 300 cm^--1^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This finding suggests the presence of the (CP)~2~ZnCl~4~ complex on the silica surface. Note, the peak positions of cetylpyridinium and (CP)~2~ZnCl~4~ incorporated into silica are shifted as compared to their bulk constituents. The latter may be attributed to adsorption and/or confinement effects.

Conclusions {#sec3}
===========

A novel CPC complex, cetylpyridinium tetrachlorozincate, was synthesized and unambiguously characterized *via* single-crystal X-ray diffraction (SC-XRD) measurements, indicating a stoichiometry of C~42~H~76~Cl~4~N~2~Zn with two cetylpyridinium cations per \[ZnCl~4~\]^2--^ tetrahedra. The material was evaluated and shows promising characteristics for application as a broad-spectrum antimicrobial agent, to reduce volatile sulfur compounds (VSCs) generated by bacteria, and in the synthesis of advanced functional materials. VSC experiments and antimicrobial assays demonstrate that (CP)~2~ZnCl~4~ exhibits at least parity efficacy to pure CPC while comprising approximately 16% of the significantly less efficacious and expensive zinc chloride material. An advanced functional material was prepared by successfully loading (CP)~2~ZnCl~4~ into SBA-15, which is a promising candidate for a highly efficient drug delivery system (DDS) for stimulated-release antimicrobial applications.^[@ref20],[@ref35]^ This new technology paves the way for the development of next generation and highly efficacious healthcare treatments with potentially reduced risk of exacerbating the problem of antibiotic resistance.

Experimental Section {#sec4}
====================

Synthesis of (CP)~2~ZnCl~4~ {#sec4.1}
---------------------------

Reagent-grade anhydrous zinc chloride (ZnCl~2~) and cetylpyridinium chloride monohydrate were supplied by Sigma-Aldrich (St. Louis, MO). All materials were used as-is without further purification. The synthesis entailed preparation of fresh 25 wt % CPC and 75 wt % zinc chloride solutions in deionized water. Subsequently, the ZnCl~2~ solution was added dropwise to the CPC solution under magnetic stirring. Vacuum filtration and drying of the precipitate yielded an off-white solid, which was further purified using acetone extraction. A single crystal was obtained by recrystallizing from acetone.

Characterization {#sec4.2}
----------------

X-ray photoemission spectroscopy (XPS) analysis was carried out using a PHI 5000 VersaProbe II scanning XPS microprobe instrument with a monochromatic Al Kα X-ray source (1486.6 eV) and 200 μm beam diameter. PHI MultiPak software was used for subsequent data analysis. Fourier-transform infrared (FTIR) spectra were collected using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics, Billerica, MA) equipped with a GladiATR diamond ATR accessory (Pike Technologies, Madison, WI). The spectral range was 80--4000 cm^--1^ and a resolution of 4 cm^--1^ was used. All measurements were carried out at room temperature, using as-prepared powder samples, without any additional sample preparation procedures. The single-crystal X-ray diffraction (SC-XRD) data were collected using Bruker D8 Venture PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC ImuS microfocus source (λ = 1.54178 Å). Powder X-ray diffraction (PXRD) data were collected at room temperature using a Bruker D8 Advance θ--2θ diffractometer with copper radiation (Cu Kα, λ = 1.5406 Å) and a secondary monochromator operating at 40 kV and 40 mA, whereby samples were measured in the 2θ range of 2 to 40° at 0.5 s/step and a step size of 0.02°. Small-angle X-ray scattering (SAXRD) patterns were obtained by using a Bruker Vantec-500 area detector and a Bruker FR571 rotating-anode X-ray generator operating at 40 kV and 50 mA. The diffraction system was equipped with a 3-circle Azlan goniometer, but the sample was not moved during X-ray data collection. The system used 0.25 mm pinhole collimation and a Rigaku Osmic parallel-mode (*e.g*., primary beam dispersion less than 0.01° in 2θ) mirror monochromator (Cu Kα, λ = 1.5418 Å). Data were collected at room temperature (∼20 °C) with a sample to detector distance of 26.25 cm. Spatial calibration and flood-field correction for the area detector were performed at this distance prior to data collection. The 2048 × 2048 pixel images were collected at the fixed detector (2θ) angle of 50° for 600 s with ω step of 0.00°. For the intensity versus 2θ plot, a 0.02° step, bin-normalized χ integration was performed on the general area detector diffraction system (GADDS) frame image. Brunauer--Emmett--Teller (BET) surface area and porosity measurements of the SBA-15 mesoporous silica nanoparticles (MSNs) were evaluated using a Surface Area and Porosity Analyzer (Gemini VII, Micromeritics).^[@ref36]^ Samples were outgassed at 100 °C overnight under a constant flow of N~2~. Subsequent adsorption--desorption measurements were done at 77 K. Barrett--Joyner--Halenda (BJH) analysis was used to determine pore size distribution.^[@ref37]^ Volatile sulfur compound measurements and antimicrobial assays are described in detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_001.cif).^[@ref38]−[@ref41]^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"})^[@ref38]−[@ref41][@ref38]−[@ref41]^

###### Porosimetry Results and SAXRD Data

  sample            BET surface area (m^2^/g)   pore width (Å)   pore wall thickness (Å)   2θ      crystal size[a](#t1fn1){ref-type="table-fn"} (nm)
  ----------------- --------------------------- ---------------- ------------------------- ------- ---------------------------------------------------
  SBA-15            627                         48               18                        1.328   77
  CPC\@SBA-15       153                         45                                                  
  CPC--Zn\@SBA-15   90                          43                                         1.311   66

Crystallite size obtained using the Scherrer equation.^[@ref32],[@ref33]^

Synthesis of SBA-15 {#sec4.3}
-------------------

Pluronic P123, 34% hydrochloric acid, and tetraethyl orthosilicate (TEOS) were supplied by BASF (Ludwigshafen, Germany), Avantor (Allentown, PA), and Sigma-Aldrich (St. Louis, MO), respectively. All materials were used as received without further purification. Santa Barbara Amorphous (SBA-15)-type material was synthesized according to conventional methods. Specifically, 4 g of pluronic P123 was mixed with 104 mL of water and 24 mL of concentrated hydrochloric acid. To this clear solution, 8.53 g of TEOS was added dropwise and subsequently stirred at 40 °C for 24 h. The resulting white powder was filtered, washed with copious amounts of deionized water, and dried at 50 °C overnight. Calcination of the as-synthesized SBA-15 was conducted in air at 550 °C for 6 h with 10 °C/min. Cetylpyridinium chloride tetrachlorozincate was incorporated into the SBA-15 framework *via* a modified immersion layer-by-layer deposition technique.^[@ref42]^ After outgassing the SBA-15 at 100 °C for 2 h under vacuum, 800 mg of the powder was added to 100 g of 10 wt % aqueous CPC solution with subsequent magnetic stirring for over 1 h to allow diffusion throughout the porous framework. The CPC-containing SBA-15 was centrifuged, filtered, and washed with 150 mL of deionized water. Finally, the powder was washed with 100 g of 10 wt % ZnCl~2~ aqueous solution, washed with 150 mL of deionized water, and dried at 40 °C under vacuum for several days. It is noteworthy that the utilization of higher concentrations of CPC and ZnCl~2~ solutions failed to yield homogeneous CPC--Zn\@SBA-15 powders. SBA-15 was chosen as the porous framework since its pore width can easily accommodate a CPC molecule.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00131](https://pubs.acs.org/doi/10.1021/acsomega.0c00131?goto=supporting-info).Colgate_CetylpyZn_Acetone_100 K ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_001.cif))Colgate_CetylpyZn_Acetone_298 K ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_002.cif))General procedure for volatile sulfur compound (VSC) measurements, antimicrobial assays, and supplemental characterization of (CP)~2~ZnCl~4~ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00131/suppl_file/ao0c00131_si_003.pdf))
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